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Introduction {#sec001}
============

Leaf-cutting ants of the genus *Atta* and *Acromyrmex* (Hymenoptera: Attini) are recognized as important agricultural and forest pests, cutting fresh plant material from a wide range of plant species for cultivation of the symbiont fungi, which feed the entire colony \[[@pone.0208253.ref001],[@pone.0208253.ref002]\]. *Atta bisphaerica* (Forel) is a grass-cutting specialist that causes losses in sugar cane and managed pastures \[[@pone.0208253.ref003],[@pone.0208253.ref004]\]. The loss in annual sugar cane productivity in Brazil caused by these insects may exceed three tons per hectare \[[@pone.0208253.ref004]\]. Insecticides, mainly granular toxic baits, are the most common method to control leaf-cutting ants \[[@pone.0208253.ref001]\], but pesticides represent a significant risk for humans, non-target organisms and the environment \[[@pone.0208253.ref005]--[@pone.0208253.ref007]\]. Use of biological agents for pest suppression is a promising area, but development of biological control programs requires knowledge of the biology and behavior of natural enemies \[[@pone.0208253.ref008],[@pone.0208253.ref009]\].

Phorid flies (Diptera: Phoridae) have been the focus of research as biological control agents \[[@pone.0208253.ref010]--[@pone.0208253.ref012]\]. Success obtained in the control of fire ants *Solenopsis* spp. with phorid parasitoids of the genus *Pseudacteon* spp. \[[@pone.0208253.ref013]--[@pone.0208253.ref015]\] reinforces the possibility of using these natural enemies to manage leaf-cutting ants. The presence of phorids changes ant behavior, reduces ant traffic on trails and the amount and weight of plant material transported \[[@pone.0208253.ref011],[@pone.0208253.ref012],[@pone.0208253.ref016]\].

Three phorid species, *Apocephalus attophilus* (Borgmeier), *Myrmosicarius grandicornis* (Borgmeier) and *Eibesfeldtphora bragancai* (Brown), have been found parasitizing *A*. *bisphaerica* workers \[[@pone.0208253.ref017],[@pone.0208253.ref018]\], with a parasitism rate of 4,37% \[[@pone.0208253.ref018]\]. In addition, parasitism rate by these three species increases with the decreasing temperature, and *E*. *bragancai* exhibited higher parasitism in high relative humidity, while *A*. *attophilus* exhibited in dry seasons \[[@pone.0208253.ref018]\]. The number of *A*. *attophilus* offspring increases with *A*. *bisphaerica* head size and the number of pupae per host can reach 1 to 10 \[[@pone.0208253.ref018]\]. Likewise, the size of the *E*. *bragancai* and *M*. *grandicornis* adults increase with host ant size \[[@pone.0208253.ref018],[@pone.0208253.ref019]\], but there is no data for *A*. *attophilus*.

Phorids that parasitize leaf-cutting ants can coexist in the same site, attacking ants of different head sizes \[[@pone.0208253.ref008],[@pone.0208253.ref020]\]. In the case of *A*. *bisphaerica*, *E*. *bragancai* develops in the largest workers, whereas *A*. *attophilus* and *M*. *grandicornis* develop in the smallest ones \[[@pone.0208253.ref018]\]. Thus, the presence of multiple phorid species, developing on different host sizes, may provide more effective control of leaf-cutting ants \[[@pone.0208253.ref008],[@pone.0208253.ref018]\].

*Apocephalus attophilus* is a parasitoid of the leaf-cutting ants *A*. *bisphaerica*, *Atta sexdens* (Linnaeus), *Atta laevigata* (Smith) and *Atta cephalotes* (Linnaeus) \[[@pone.0208253.ref021]--[@pone.0208253.ref023]\]. Females attack leaf carrier workers, depositing an egg in the head of the ant, with their larvae feeding on the cephalic content, killing the ant and pupating out of the host body \[[@pone.0208253.ref021],[@pone.0208253.ref023]\].

In phorid flies, sex ratio (male: female) vary according to host size or temperature \[[@pone.0208253.ref009],[@pone.0208253.ref024]--[@pone.0208253.ref026]\] and females are commonly larger than males \[[@pone.0208253.ref027],[@pone.0208253.ref028]\]. Ant body size is found to be correlated with fecundity, longevity, host-finding ability and mating success of parasitoids \[[@pone.0208253.ref024],[@pone.0208253.ref029],[@pone.0208253.ref030]\].

Here, we report some biological and ecological characteristics of the interaction between the leaf-cutting ant *A*. *bisphaerica* and phorid parasitoids in pasture areas of a Brazilian Savannah-Atlantic Forest ecotone. Specifically, the aim of this study was to investigate: (1) Which parasitoid species attack *A*. *bisphaerica*, (2) parasitism rate, (3) the relationship between host size and number and size of phorid offspring, (4) sexual dimorphism and (5) sex ratio of the emerged parasitoids.

Material and methods {#sec002}
====================

Study site and collection of ants {#sec003}
---------------------------------

The study was carried out at Universidade Federal de Viçosa---*Campus* Florestal, municipality of Florestal, Minas Gerais, Brazil, a Savannah-Atlantic Forest ecotone. The pasture areas were close to well-preserved florest fragments and none of the nests have undergone any form of chemical control.

Four different *A*. *bisphaerica* nests were selected in pasture areas (N1: 19° 52' 48,303" S and 44° 24' 49,112" W; N2: 19° 53' 4,841" S and 44° 24' 36,512" W; N3: 19° 53' 4,704" S and 44° 24' 35,994" W; N4: 19° 52' 58,513" S and 44° 24' 43,927" W), from August 2016 to August 2017, with 400 workers collected from each colony monthly between 07:30 AM and 11:00 AM in the foraging trails. When the ants were not foraging, a stick of wood was introduced into the nest entrance and as soon as the ants left the nest, they were collected.

Rearing insects {#sec004}
---------------

In the laboratory, ants of the same nest were kept in a common plastic tray (28.4 × 18.8 × 6.1 cm) and fed daily with 10% honey water solution. These trays were stored at a temperature of 25 ± 1°C, relative humidity of 80 ± 5% and photoperiod of 12:12 h (light: dark) in a growth chamber. We checked all the trays daily, looking for new dead ants, puparia and adult parasitoids. Ants that died were removed daily, transferred to an individual glass tube (20 × 200 mm) and maintained in the same chamber. After three days, dead ants were observed under stereomicroscope to evaluate if they were parasitized by phorids \[[@pone.0208253.ref031]\]. Dead ants that had been parasitized could be visually determined by the presence of parasitoid pupae between the jaws, inside the head or outside the host \[[@pone.0208253.ref017],[@pone.0208253.ref019],[@pone.0208253.ref031]\]. Ants that were still alive 15 days after collection were discarded because they had not been parasitized \[[@pone.0208253.ref031]\].

Parasitized ants were kept in the growth chamber until the emergence of adult parasitoids, which were stored in vials containing 70% ethanol. The species and sex of these adult parasitoids were identified with the aid of descriptions and identification keys \[[@pone.0208253.ref022],[@pone.0208253.ref032]--[@pone.0208253.ref034]\]. Voucher specimens were deposited at the Laboratory of Entomology/ Myrmecology UFV---*campus* Florestal.

Survival curves of non-parasitized and parasitized ants were plotted as percentage survival verses time. Non-parasitized ants were selected at random from the pool of collected ants. For ants, head width was measured as the width of the head capsule across the lower margin of the compound eyes and used as an indicator of parasitized ant size. Mesonotum width at its widest point of phorid males and females was used as an indicator of phorid size for comparisons between the size of parasitized ant and emerging male and female flies \[[@pone.0208253.ref018],[@pone.0208253.ref035]\]. Wing length of phorids was measured as the length of the outstretched wing from the base to the apex and used as an indicator of parasitoid size for comparison between males and females \[[@pone.0208253.ref035]\]. The larval period of the phorids were estimated as the difference in days between the date of ant collection and pupae formation. The ants collected were already parasitized and we did not know the real oviposition date, thus, larval period was underestimated. The pupal period was the difference in days between the date of pupae formation and adult emergence. All measures were obtained with a millimeter ocular lens coupled to stereomicroscope.

Data analysis {#sec005}
-------------

Student's t-test was performed to compare temperature and precipitation in the hottest and rainy season from September to February and in the coldest and drier season from March to August. Chi-square test was performed to compare parasitism rate between these two periods. Kaplan-Meier estimator was used to generate survival curves of non-parasitized and parasitized ants. The log-rank test was used to compare the survival curves. Pearson's correlation analysis was performed between the number of *A*. *attophilus* emerged per host and size of the parasitized ant. Another Pearson\'s correlation was performed to test correlation between host ant size and size of emerging parasitoids. Student's t-test was performed to assess the differences in the wing length of parasitoid males and females. Lastly, the sex ratio of the parasitoids was statistically compared using chi-square test. All analyses were performed using GraphPad Prism version 7.0 for Windows (GraphPad Software, La Jolla, California, USA).

Results {#sec006}
=======

A total of 23,714 *A*. *bisphaerica* workers were collected during the study, of which 236 (0.99%) were found to be parasitized by phorid parasitoids. *Apocephalus attophilus* (Borgmeier), *Eibesfeldtphora bragancai* (Brown) and *Myrmosicarius grandicornis* (Borgmeier) parasitized 217, 17 and 2 ants, respectively.

The highest parasitism was found in November (88 parasitized ants) and the lowest in March (3 parasitized ants). Temperature (*t* = 4.151; *P* = 0.002) and precipitation (*t* = 5.063; *P*\<0.0001) were higher in the hottest/rainy season (22.6 ± 0.2°C and 195.8 ± 31.1 mm, respectively) in relation to the coldest/drier (18.5 ± 0.1°C and 27.8 ± 11.3 mm, respectively). Parasitism was higher (χ^2^ = 37.441; *P*\<0.0001) in the hottest/rainy season (165 parasitized ants) than in coldest/drier (71 parasitized ants).

When survival of non-parasitized ants by *A*. *attophilus* was compared with that of parasitized, we found a statistically significant difference between the survival curves. Non-parasitized ants (8.1 ± 0.1; n = 217) survived longer (*χ*^*2*^ = 204.4; df = 1; *P*\< 0.0001) than those parasitized (3.2 ± 0.2; n = 217) ([Fig 1](#pone.0208253.g001){ref-type="fig"}). The number of *A*. *attophilus* pupae per host increased with the host head size (*r* = 0.40; *P*\< 0.0001; n = 211) ([Fig 2](#pone.0208253.g002){ref-type="fig"}). Likewise, the size of the adult parasitoids female (*r* = 0.22; *P* = 0.002; n = 188) and male (*r* = 0.33; *P*\< 0.0001; n = 173) also increased depending on the host ant ([Fig 3](#pone.0208253.g003){ref-type="fig"}).

![Percent survival of parasitized *Atta bisphaerica* workers and non-parasitized by *Apocephalus attophilus*.\
Median survival times (days) are shown in parenthesis.](pone.0208253.g001){#pone.0208253.g001}

![Correlation between the head size of parasitized *Atta bisphaerica* and the number of *Apocephalus attophilus* pupae (*r* = 0.40; *P* \<0.0001; n = 211).](pone.0208253.g002){#pone.0208253.g002}

![**Correlation between head size of parasitized *Atta bisphaerica* and size of (A) females** (*r* = 0.22; *P* = 0.002; n = 188) **and (B) males** (*r* = 0.33; *P*\< 0.0001; n = 173) **of emerging *Apocephalus attophilus***.](pone.0208253.g003){#pone.0208253.g003}

The larval and pupal periods of *A*. *attophilus* were 2.2 ± 0.8 (n = 217) and 16 ± 1.4 days (n = 169), respectively. The number of pupae of this parasitoid per parasitized ant ranged from 1 to 7 (2.6 ± 1.3 pupae/ant) and were found externally on the ants body. The percentage of parasitoid emerging adults was 77.8.

Differences in wing length showed that *A*. *attophilus* females (1.5 ± 0.1 mm; n = 166) were larger (*t* = 7.63; *P*\< 0.0001) than males (1.3 ± 0.2 mm; n = 152) and the sex ratio (male: female) did not differ from 1:1 (*χ*^*2*^ = 0.63; df = 1; *P* = 0.42; n males = 192 and n females = 209).

Discussion {#sec007}
==========

The parasitism rate of *A*. *bisphaerica* workers by phorids observed in this study (0.99%) was below 6%, similar to that reported for *A*. *bisphaerica* (4.37%) \[[@pone.0208253.ref018]\], *A*. *laevigata* (2.8 and 5.36%) \[[@pone.0208253.ref036],[@pone.0208253.ref037]\], *A*. *sexdens* (1.57 and 2.94%) \[[@pone.0208253.ref037],[@pone.0208253.ref031]\], *Atta vollenweideri* (Forel) (0.08 to 3.88%) \[[@pone.0208253.ref008]\] and *Solenopsis* spp. (0.2 to 2.4%) \[[@pone.0208253.ref035],[@pone.0208253.ref038]\] by their respective phorid parasitoids. Differences in parasitism rates may be related to the climatic variables such as temperature and precipitation in the different studied sites that affect the phenology of the phorids \[[@pone.0208253.ref008],[@pone.0208253.ref039]\]. Although reported parasitism rates were low, impacts on normal colony activities caused by these parasitoids suggest that these insects have potential for use in biological control programs of ant pests \[[@pone.0208253.ref008],[@pone.0208253.ref011],[@pone.0208253.ref012]\].

The highest parasitism rate by *A*. *attophilus* in the hottest/rainy season was different from reported for this parasitoid in other studies that found a higher parasitism in colder (Farder-Gomes et al. 2018 unpublished work) and drier seasons \[[@pone.0208253.ref018]\], suggesting that *A*. *attophilus* has a remarkable physiological plasticity, being able to parasitize ants during hot and rainy seasons.

The survival of workers parasitized by *A*. *attophilus* was lower than that of non-parasitized ants, because the larvae of the parasitoid consume the cephalic content of the host ant, killing it before pupating \[[@pone.0208253.ref023]\]. The survival of hosts parasitized by *A*. *attophilus* is lower than the survival of hosts parasitized by other phorid flies \[[@pone.0208253.ref018],[@pone.0208253.ref031],[@pone.0208253.ref036],[@pone.0208253.ref037]\]. In addition, the pupal period of *A*. *attophilus* found in this study was similar to that already reported for this parasitoid and also lower than that of other phorids studied \[[@pone.0208253.ref018],[@pone.0208253.ref023],[@pone.0208253.ref031],[@pone.0208253.ref036],[@pone.0208253.ref037]\]. As this parasitoid kills the ants faster, reducing the damage caused by these pests, it can be considered a potential biocontrol agent.

The positive correlation between host size and the number and size of emerging *A*. *attophilus* may be due to the greater amount of resources available to the development of more larvae and larger parasitoids \[[@pone.0208253.ref027],[@pone.0208253.ref031]\]. Similarly, the number of *A*. *attophilus* pupae per host increases with the head size of *A*. *bisphaerica* \[[@pone.0208253.ref018]\], *A*. *laevigata* \[[@pone.0208253.ref023]\] and *A*. *sexdens* \[[@pone.0208253.ref031]\]. Larger phorids of *E*. *bragancai* and *M*. *grandicornis* occur in larger workers of *A*. *bisphaerica* and *A*. *sexdens*, respectively \[[@pone.0208253.ref018],[@pone.0208253.ref019]\]. Therefore, in order to produce parasitoids under laboratory conditions to control leaf-cutting ants, bigger ant workers are more suitable, because in these hosts, flies with a larger body size and in higher numbers are produced.

The number of *A*. *attophilus* pupae per host ranged from 1 to 7 (2.64 ± 1.30 pupae/ant), whereas other studies with *A*. *bisphaerica*, *A*. *sexdens* and *A*. *laevigata* reported variations from 1 to 10 (2.50 ± 1.12), 1 to 16 and 4 to 7 pupae/ant, respectively \[[@pone.0208253.ref018],[@pone.0208253.ref031],[@pone.0208253.ref036]\]. This finding together with observed correlation between host size and number of parasitoids/host, indicates that *A*. *attophilus* is a gregarious parasitoid in which several offspring successfully develop on each host similar to that reported for the same species \[[@pone.0208253.ref018],[@pone.0208253.ref023],[@pone.0208253.ref031],[@pone.0208253.ref036]\] and gregarious hymenopteran parasitoids \[[@pone.0208253.ref040]--[@pone.0208253.ref042]\].

*Apocephalus attophilus* females are larger than males and this is likely due to the higher costs related to the production, maturation and oviposition of the eggs by females and to the greater accumulation of nutritional reserves \[[@pone.0208253.ref027],[@pone.0208253.ref043]\]. The greater body size of females compared to males has already been reported for the parasitoids of leaf-cutting ants *Eibesfeldtphora elongata* (Brown) \[[@pone.0208253.ref028]\], *M*. *grandicornis* \[[@pone.0208253.ref019]\] and *Eibesfeldtphora tonhascai* (Brown) \[[@pone.0208253.ref044]\]. Individuals with larger bodies have more resources to allocate in reproductive parameters, such as number of ovarioles, egg production, longevity, fecundity and life span \[[@pone.0208253.ref029],[@pone.0208253.ref042],[@pone.0208253.ref045]--[@pone.0208253.ref047]\]. In addition, larger *A*. *attophilus* females may have a higher capacity to sustain longer periods of flight, higher host search ability and ability to sustain longer oviposition bouts on ants \[[@pone.0208253.ref027]\]. Several studies have shown that females gain more than males in fitness by being larger \[[@pone.0208253.ref027],[@pone.0208253.ref048]--[@pone.0208253.ref051]\].

The 1: 1 sex ratio in *A*. *attophilus* corroborates with the results observed for other species of phorid flies attacking leaf-cutting ants \[[@pone.0208253.ref008],[@pone.0208253.ref009],[@pone.0208253.ref031]\]. Sex ratio variation as a function of host size occurs in phorids of the genus *Pseudacteon*, in which females commonly emerge from larger hosts than males, suggesting that the amount of food ingested by larvae is a possible sex determination mechanism in these parasitoids \[[@pone.0208253.ref026],[@pone.0208253.ref027]\]. However, Farder-Gomes et al. (2016) found no difference between the head capsule width of parasitized ants from which males and females emerged. It is possible that other factors, such as temperature and/or genetics, can influence the sex determination of phorid parasitoids of leaf-cutting ants, similar to that reported for *Megaselia scalaris* (Loew) and *Megaselia halterata* (Wood) \[[@pone.0208253.ref025],[@pone.0208253.ref052]\].

Our results indicate that *A*. *attophilus* is a gregarious parasitoid that parasitized *A*. *bisphaerica* in hot and rainy periods. Parasitized ants by this species survived significantly less than non-parasitized ones. The host size affects the number and size of the offspring emerged and parasitoid females are larger than males. Additionally, our results can be important for those interested in massive rearing program of phorid parasitoids for biological control purposes. *Apocephalus attophilus* is a potential biocontrol agent of leaf-cutting ants, mainly *A*. *bisphaerica*, because this parasitoid produces multiple larvae per host, allowing a great production of parasitoids with short developmental time and kills the host ant faster than other phorids, reducing the damage caused by leaf-cutting ants.
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